FAST LOCKING PHASE-LOCKED LOOP 



Cross Reference to Related Application 
This application claims the benefit under 35 U.S.C. § 1 19(e) of U.S. provisional 
5 patent application Serial No. 60/408,702, filed September 6, 2002, which is hereby 
incorporated by reference in its entirety for all purposes. 

Background 

Phase-locked loop (PLL) systems are used extensively in analog and digital 
circuits. These systems typically include a phase frequency detector (PFD), charge pump 

10 and voltage controlled oscillator (VCO) connected in a feedback configuration. The 
VCO produces the output signal of the PLL, and the various components of the PLL 
cooperate to cause the output signal to tend toward and eventually lock on to a desired 
output frequency and/or phase, which are based on a reference signal applied as an input 
to the PFD. For example, many PLL systems are configured to produce an output signal 

15 having the same frequency as the input signal, or having an output frequency which is a 
factor x/y of the input frequency. 

The output signal tracks the desired output frequency and/or phase through 
operation of a feedback mechanism, in which the output of the VCO is fed back to the 
PFD as a feedback signal via a feedback path. The phase frequency detector receives the 

20 reference signal and the feedback signal, and produces an error signal based on 
discrepancies between the actual phase and frequency of the output signal and the desired 



phase and frequency. The error signals from the PFD are applied to the charge pump, 
which in turn produces signals that control the oscillation frequency of the VCO. 

A design consideration that can be important in PLL systems is the behavior of the 
PLL during startup or at other times when there is a significant difference between the 
5 actual phase/frequency of the output signal and its desired value. During normal 
operation, it is often desirable to operate the PLL at a relatively low bandwidth, in order 
to maintain lock and minimize tracking jitter. However, low bandwidth operation can 
significantly slow the locking process during startup or other times when a large 
adjustment in the output signal is desired. Prior systems have addressed this by 

10 temporarily elevating the bandwidth of the PLL in order to make a rapid initial 
adjustment to the output signal. However, many prior system suffer from disadvantages 
related to the timing at which they switch back into their normal lower-bandwidth state of 
operation. Commonly, this timing is determined in advance based on rough estimates of 
how the PLL will perform in a given operational setting. Typically, the timing is 

15 conservative and the transition to low bandwidth operation occurs sooner than necessary, 
because many PLL circuits cannot tolerate the overshoot and other potential 
consequences of a late transition to low bandwidth operation. Accordingly, many prior 
systems take longer than necessary to achieve lock during startup and other situations 
where relatively large corrections to the output signal are needed. 

20 Brief Description of the Drawings 

Fig. 1 is a block diagram of a phase-locked loop system according to the present 
description. 



Fig. 2 depicts a charge pump that may be implemented with the system of Fig. 1. 
Fig. 3 depicts a charge pump and bias generator that may be implemented with the 
system of Fig. 1. 

Fig. 4 depicts a multistage voltage controlled oscillator that may be implemented 
with the system of Fig. 1. 

Fig. 5 depicts a circuit that may be implemented to isolate biasing signals within 
the charge pumps of the present description. 

Fig. 6 depicts a current mirror system that may be employed within a proportional 
control path between the charge pumps and bias generators of the present description. 

Fig. 7 depicts an illustrative oscillator stage that may be implemented with the 
system shown in Fig. 1 . 

Fig. 8 depicts I-V characteristics of various components shown in Fig. 7. 

Fig. 9 depicts a multistage voltage controlled oscillator according to the present 
description. 

Fig. 10 depicts another embodiment of a phase-locked loop according to the 
present description. 

Fig. 1 1 depicts exemplary signal waveforms that may arise in the system of Fig. 
10, and illustrates a criterion that may be used to control activation of a charge pump 
included in the system of Fig. 10. 

Detailed Description 

A phase-locked loop (PLL) system is depicted generally at 10 in Fig. 1. PLL 
system 10 is configured to produce an output signal 12 (F 0 ) in response to application of a 



reference signal 14 (F r ), such that the output signal tends toward a desired output 
frequency which is based on reference signal 14. For example, the output signal may 
have the same frequency as the input reference signal, or the output frequency may be a 
rational factor x/y of the reference frequency. U.S. Patent Application Serial No. 
5 10/059,503, filed January 28, 2002 and U.S. Patent Application Serial No. 10/059,913, 
filed January 28, 2002 provide examples of PLL systems, methods and components that 
may be used in connection with the systems and methods described herein, the 
disclosures of which are hereby incorporated by reference in their entireties for all 
purposes. 

10 As indicated, PLL system 10 operates via a feedback arrangement, where output 

signal 12 is fed back and applied as a feedback input F to an error detector. The present 
description will primarily address phase-locked loops which implement the error detector 
as a phase frequency detector (PFD) 16. It will be appreciated, however, that the present 
disclosure is applicable to a wide variety of settings where error detection and feedback 

15 mechanisms are employed to cause an output signal to have a desired characteristic. For 
example, other types of error detectors that may be used with the embodiments described 
herein include XOR devices, mixers, edge-triggered latches and sampling flip-flops. 

Still referring to Fig. 1, PFD 16 also receives reference signal 14 as a reference 
input R. PFD 16 detects phase/frequency differences between the signals applied to the 

20 reference and feedback inputs, and produces one or more outputs based on the detected 
differences. Typically, as indicated, the PFD output will take the form of a "U" signal 
18, a "D" signal 20, or a combination of those signals. PFD 16 produces the U signal 



where the actual, or instantaneous, output frequency is lower than the desired output 
frequency, and/or where the output signal lags the desired output in phase. The D signal 
is produced where the actual output frequency is higher than the desired output 
frequency, and/or where the output signal leads the desired output in phase. 
5 PLL system 10 typically also includes a charge pump system 22, bias generator 24 

and one or more filters such as low pass filter 26. These components respond to the U 
and D signals to produce a control signal 28 (V bn ) that is applied to control a voltage 
controlled oscillator (VCO) 30. V bn may also be referred to as a biasing signal, because it 
typically is used to control various current sources and other components in the phase- 
10 locked loops of the present description. For example, as depicted, V bn may be fed back to 
charge pump system 22 to dynamically bias operation of the charge pump, as will be 
explained in more detail. Based on application of biasing signal V bn , VCO 30 produces 
output signal 12, either directly or with subsequent processing by signal converter 32 or 
other components. 

15 For example, in an implementation where output signal 12 (F 0 ) is to track 

reference signal 14 (F r ) without frequency multiplication or division, assume at a given 
instant that output signal 12 has a lower frequency than the applied reference signal 14. 
PFD 16 detects this difference and responds by producing one or more U pulses 18. The 
U pulses then cause a change in biasing signal 28 (resulting, for example, in an increase 

20 in current supplied to VCO 30) that produces an increase in the phase and/or frequency of 
the VCO output signal F 0 . The charge pump continues to output U pulses until the output 
frequency equals the reference frequency. 



As indicated, output signal 12 may undergo various processing within feedback 
path 34 before being applied as the feedback input to PFD 16. For example, in PLL 
applications where the reference frequency is multiplied by a factor to produce the output 
frequency, the feedback path typically will include a divider 36 and/or other components. 

5 Figs. 2, 3 and 4 respectively depict in further detail charge pump system 22, bias 

generator 24 and VCO 30 according to the present description. Charge pump system 22 
typically includes an integrating charge pump 40 configured to provide output to the V cntl 
node of bias generator 24 in response to error signals received from PFD 16 (i.e., U 
and/or D pulses). The level of V cnt i is maintained at the input of bias generator 24 via 

10 capacitor 42. Charge pump 40 causes the V cnt i level to increase, decrease or remain 
constant based on the U and D signals applied from PFD 16. Based on V cnt i, bias 
generator 24 produces biasing signal V bn , which is applied to the current sources that 
drive charge pump 40 and VCO 30. At charge pump 40, biasing signal V bn essentially 
controls the sensitivity of the charge pump to the U and D signals. In other words, the 

15 biasing signal controls the extent to which application of these signals causes the V cnU 
output to vary. At VCO 30, biasing signal V bn acts as the primary input to the oscillator, 
and controls its output frequency. 

As seen in Figs. 1 and 2, PFD 16 typically includes separate output lines for the U 
and D signals. Accordingly, charge pump 40 may include a U portion and a D portion 

20 configured to receive the corresponding error signals from the PFD. Each portion 
contains one or more current paths which are controlled by biasing signal V bn and 
through application of the error signals received from PFD 16. The currents flowing 



through the paths create various node voltages which ultimately determine the behavior 
of the control signal V cnt |. 

Referring particularly to Fig. 2, transistors 50 and 52 act as current sources. These 
transistors are biased by V bn ', a mirrored copy of biasing signal V bn , as will be explained 
5 below. Transistors 54 and 56 steer current into one of two diode-connected transistors 58 
and 60, and transistors 62 and 64 steer a matched current into the depicted V cnt i terminal, 
or into diode-connected transistor 66. The current mirror formed by transistors 60 and 68 
sources as much charge into V cntl as is drained through transistor 60, subject to certain 
limitations discussed below. Because transistors 54, 56, 62 and 64 control activation of 

10 the various current paths within the charge pump in response to the U and D error signals, 
those transistors may be collectively referred to as a switching device. 

From the above, it should be understood that application of the U signal from PFD 
16 causes V cnt i to fall, while application of the D signal causes V cnt i to rise. As will be 
explained in more detail, decreases in V cntl produce an increase in biasing signal V bn and 

15 an increased bias current lb within bias generator 24 (Fig. 3). The increase in biasing 
signal V bn causes the current supplied to VCO 30 to rise. This increased VCO current 
produces positive phase and/or frequency adjustments to output signal 12. Conversely, 
when V cnt i increases (e.g. from pulsing of the D signal), the bias current I b and biasing 
signal V bn drop. This decreases the current supplied to VCO 30, which in turn produces 

20 negative adjustment to the phase and/or frequency of output signal 12. 

In typical implementations of the present description, the error signals output by 
PFD 16 tend to have a stabilizing effect upon the output signal when the system is in 



lock. Conversely, in the absence of either a U or a D signal (as might occur if little or no 
discrepancy were detected between the two signals applied to the inputs of PFD 16), 
output signal 12 tends to drift about the desired output frequency instead of achieving a 
stable lock. The range of alignments in which this drift effect occurs is known as a "dead 
band." The dead band results partly from the narrowing of the U and D pulses as the 
system approaches lock. Narrower pulses are often filtered out by various components in 
the system, such that the system is unable to correct discrepancies between the output 
signal and the desired output frequency until those discrepancies exceed some threshold 
magnitude. The resulting output jitter is often undesirable. 

To eliminate or reduce this undesired jitter in the output signal, PFD 16 may be 
configured to emit both U and D pulses when the PFD inputs are aligned or nearly 
aligned. When only one of the signals is applied, charge pump system 22 pumps a net 
charge to bias generator 24, in order to produce variation in the phase and/or frequency of 
the output signal. By contrast, where both the U and D signals are applied together 
(simultaneously) to charge pump 40, the charge pump should pump no net charge. 

Typically, when U and D are pulsed simultaneously to avoid a dead band, the 
respective effects of those error signals are at least partially canceled via operation of the 
current mirror defined by transistors 60 and 68 (Fig. 2). Theoretically, the current mirror 
ensures that the current through transistors 60 and 68 will be equal, leaving no net output 
charge from charge pump 40, and ensuring no variation of the V entl level on capacitor 42. 
If a net charge were pumped in such a situation, the variation in V cntl would introduce an 



8 



undesired variation in output signal 12. Specifically, such charge leakage can produce 
undesired static phase offset in output signal 12. 

The current through transistors 60 and 68 would be equal if charge pump 40 
contained an ideal current mirror and two ideal switchable current sources with infinite 
5 output impedance. However, these devices typically are not ideal in practice, and the 
phase-locked loops described herein normally include some mechanism to force the 
voltage V cnt i to equal the V int gate voltage on transistor 60. This causes the charge pump 
output current to be zero when U and D are asserted, leaving no net effect upon the V cm j 
voltage stored on capacitor 42. 

10 Bias generator 24 dynamically varies its output biasing signal V bn in order to 

balance the charge pump output when U and D signals are simultaneously applied to 
charge pump 40. As the current being steered through transistor 60 grows larger, the 
voltage on V int grows smaller. Bias generator 24 is configured to find and supply a V bn 
level for which the voltage V int will equal the voltage V cnt i. Bias generator 24 contains an 

15 amplifier 80 and a replica of the current path through the D side of charge pump 40 when 
the D signal is pulsed. The replica current path includes transistors 82, 84 and 86. The 
negative feedback through the amplifier causes V rep ii ca to be equal to V cnt i by 
appropriately adjusting the biasing current I b set by V bn . 

With both U and D high, the activated current path on the left side of the charge 

20 pump will look identical to the replica current path within bias generator 24, so that V int 
will equal V rep iica, which the bias generator forces to equal V cml . The right side of charge 
pump 24 is similar, but the gate of transistor 68 is not connected to its drain. However, 



like transistor 60, both the gate and drain voltages will be V cml . Thus, the right side of the 
charge pump should behave identically to the left side so that the current sourced by 
transistor 68 will exactly match the current sunk by transistor 62 leaving no net output 
current. 

With no output current from the charge pump when both U and D are high, there 
should be no net charge output when U and D are pulsed identically, as would occur in a 
locked condition with zero static phase offset. Phase-locked loops with this arrangement 
may thus be considered self-biased phase-locked loops. 

As should be appreciated from the above discussion, biasing signal V bn is 
dynamically generated free of any external bias levels. In addition to balancing operation 
of charge pump system 22, the biasing signal dynamically controls other current sources 
within phase-locked loop 10. Also, as will be explained in more detail, the dynamic 
operation of bias generator 24 causes the bias generator to internally generate a supply 
voltage which matches the supply voltage in VCO 30. Accordingly, the PLL systems of 
the present description are dynamically self-biasing. 

As indicated above, charge pump system 22 typically includes an integrating 
charge pump 40 to provide integrating control over output signal 12. In many cases, it 
will also be desirable to employ proportional control to achieve stable feedback. 
Accordingly, as seen in Fig. 3, charge pump system 22 may also include a proportional 
charge pump 90. 

Typically, integrating charge pump 40 and proportional charge pump 90 are 
similar, if not identical, in construction and internal operation. Both pumps respond to 

10 



the U and D error signals by pumping charge for application to bias generator 24, in order 
to produce adjustments to output signal 12. Also, both pumps are biased via feedback 
coupling of biasing signal V bn (or mirrored copy V bn ') from bias generator 24. 

The two charge pumps are distinguished by the signal path to bias generator 24, 
5 and by the way pumped charge is applied to the bias generator. Integrating charge pump 
40 pumps its output charge along an integrating control path defined between V cnt ] node 
of charge pump 40 and the V cntl input terminal of bias generator 24. The pumped charge 
is integrated by and stored at capacitor 42. The voltage on this capacitor represents the 
net accumulated charge resulting from all of the previously applied U and D signals to 

10 integrating charge pump 40. 

By contrast, proportional charge pump 90 pumps its output charge via a 
proportional control path to the V replica node of bias generator 24. The output charge 
typically is in the form of a current pulse I bp which is added to or subtracted from the I b 
bias current flowing within the replica current path in bias generator 24. In some cases, 

15 there may be various capacitances introduced into the proportional control path, though 
these capacitances typically are much smaller than capacitor 42. Accordingly, the 
proportional control provided by charge pump 90 normally involves small phase 
adjustments to output signal 12, where the integrating control provided by integrating 
charge pump 40 typically involves more gradual adjustments to the frequency of the 

20 output signal, due to the accumulated charge on capacitor 42 and the filtering effects 
produced by the relatively large capacitance. 



As indicated above, when phase-locked loop 10 is in lock, PFD 16 emits small, 
equal-sized U and D pulses to charge pump system 22. These pulses can capacitively 
couple into biasing signal V bn through transistors 54, 56, 62, 64, 50 and 52 of integrating 
charge pump 40. Similar signal coupling can occur in proportional charge pump 90. The 
5 resulting periodic noise on biasing signal V bn may cause some cycle-to-cycle jitter, since 
the biasing signal is also used to drive VCO 30. As seen in Fig. 5, the charge pump 
system may include an isolated bias input path 100 to isolate biasing signal V bn and avoid 
the jitter described above. 

As indicated in Fig. 5, isolated bias path 100 typically includes a number of 

10 transistors (e.g., transistors 102, 104, 106, 108, 110 and 112) which define a current 
mirror system. The current mirror system produces a mirrored copy V bn ' of the V bn 
biasing signal generated by bias generator 24. The mirrored biasing signal V bn ' is then 
used in the charge pumps, so that noise coupled onto it does not affect VCO 30. The left 
transistor stack essentially creates a local copy of a secondary biasing signal V bp 

15 generated by bias generator 24. In some settings, it may be desirable to directly use the 
secondary biasing signal in the right transistor stack, instead of generating a local copy. 

U.S. Patent No. 6,462,527, issued October 8, 2002, provides additional examples 
of current mirroring devices that may be employed with the present description, the 
disclosure of which is hereby incorporated by reference in its entirety for all purposes. 

20 As discussed above, bias generator 24 includes a feedback loop that actively tracks 

Vcmi to generate a dynamic biasing signal which controls both the charge pump system 22 
and VCO 30. For reasons explained below, it typically is important that this feedback 



loop exhibit a bandwidth response that is much faster than the overall bandwidth of the 
PLL system. 

However, in some cases it will be desirable to couple components within the 
proportional control path (e.g., between proportional charge pump 90 and the V replica node 
5 of bias generator 24) that may affect the dynamic response of the bias generator feedback 
loop. Examples of such components may be found in co-pending U.S. Patent Application 
No. 10/059,945, filed January 28, 2002, the disclosure of which is hereby incorporated by 
reference in its entirety for all purposes. The disclosure of this patent application 
describes components that may be coupled intermediate the charge pump system and bias 

10 generator in order to condition charge pump output for various reasons, for example in 
order to reduce or eliminate jitter in output signal 12. 

Where these components are used, and in other cases, coupling proportional 
charge pump 90 and these components directly to bias generator 24 can increase the 
capacitance on V rep | ica . Large increases in this capacitance can destabilize the feedback 

15 loop within the bias generator. This can be countered with an increase in the capacitance 
on biasing signal V bn , though such an increase would reduce the bandwidth of the bias 
generator, which in turn can reduce the supply and substrate noise rejection of the VCO, 
as will be explained below. 

These issues may be addressed by providing proportional charge pump 90 with an 

20 isolated output 120 within the proportional control path, as seen in Fig. 6. Isolated output 
120 includes a number of transistors which define a current mirror system. The current 
mirror system is pre-biased by biasing signal V bn from bias generator 24, and replicates 



initial output I bp ' (but with opposite sign), so that output I bp is applied to the V replica node 
of the bias generator, as discussed above with reference to Fig. 3. The U and D inputs 
may be reversed on the proportional charge pump to compensate for the change in sign. 
The depicted current mirror system isolates proportional charge pump 90 from bias 
generator 24. This allows use of an arbitrary capacitance 122, or other components in the 
proportional control path, without affecting damping, bandwidth or other dynamic 
characteristics of the feedback loop contained within bias generator 24. Further filtering 
and signal isolation may be provided by cascading additional stages to the depicted 
isolation circuit. 

As discussed above, it typically is desirable that phase-locked loop 10 maintain a 
stable lock even when faced with rapid changes in supply voltage or noise coupled into 
the system from the substrate or other sources. The systems described herein 
substantially reject effects due to supply variations and substrate noise because bias 
generator 24 is configured to maintain a constant bias current I b during V dd changes, and 
the supply current to VCO 30 matches this current in the bias generator. VCO 30 thus 
operates at a constant current, and thus a constant operating frequency, through changes 
in the voltage supply. 

As seen in Fig. 4, VCO 30 may include multiple VCO stages 140. Fig. 7 depicts 
an exemplary embodiment of one of VCO stages 140, Fig. 8 depicts I-V characteristics of 
various elements in VCO stage 140, and Fig. 9 provides a more detailed depiction of the 
multiple stage configuration. Referring particularly to Fig. 7, VCO stage 140 includes 
two load elements, one being formed by transistors 142 and 144, the other being formed 

14 



by transistors 146 and 148. As indicated, transistor 142 typically is a diode-connected 
PMOS device, with an I-V characteristic as shown by curve 160 (Fig. 8). Transistor 144 
is connected as a current source biased by V bp with an I-V characteristic as shown by 
curve 162. V bp is a secondary biasing signal that is produced by the bias generator, as 
seen in Fig. 3. The I-V characteristic of the two devices (i.e., transistors 142 and 144) in 
parallel is the sum of curves 160 and 162, shown as curve 164. Curve 164 is symmetrical 
about the voltage (V bp + V dd )/2, which is also the center of the swing of the VCO stage 
inputs and outputs. Secondary biasing signal V bp varies with V bn to ensure that the VCO 
stage operates within a symmetrical region of the load element characteristic. 

The second load element (i.e., the load element formed by transistors 146 and 148) 
has similar I-V characteristics. When the inputs to the two load elements are differential, 
the respective combined characteristics will be symmetrical and opposite, such that the 
second load element will have a combined characteristic as shown by dashed curve 166. 
As explained below, pseudo-differential configurations may be employed to ensure that 
the load element inputs are differential. 

Typically, each load element of VCO stage 140 is coupled in series with an input 
transistor, respectively shown as transistors 150 and 152. Provided the input signals Vil 
and Vi2 to VCO stage 140 are differential, outputs Vol and Vo2 will be differential. 
Typically, one or more stages of the VCO implementations shown in Figs. 4, 7 and 9 will 
be cross-coupled to maintain the differential relationship in the signals coming out of the 
buffer stages. Referring still to Figs. 7 and 8, because the I-V curves of each load 
element are symmetrical about the center of the voltage swing, the supply current and 

15 



supply resistance through the VCO stage will be constant, provided the input signals are 
differential. As indicated in Fig. 4, VCO 30 typically includes multiple stages connected 
in cascade fashion as a ring oscillator, such that outputs Vol and Vo2 of a given stage 
feed inputs Vil and Vi2 of the next stage. Fig. 9 depicts in more detail the 
interconnections between VCO stages 140. It has been determined that employing five 
VCO stages provides a suitable oscillatory response, though it should be appreciated that 
more or less than five stages may be used, as appropriate to a given setting. 

The semiconductor devices used to construct bias generator 24 and the individual 
VCO stages are closely matched in order to match impedances between the bias 
generator and VCO. Specifically, in the I b current path within bias generator 24, current 
source transistor 86 faces an effective bias generator impedance formed by transistors 82 
and 84. In VCO stage 140, transistors 142, 144, 146, 148, 150 and 152 are configured to 
match this impedance within the bias generator. Thus, VCO current source transistor 180 
(Fig. 4) and the bias generator current source 86 theoretically face matched (i.e., identical 
or scaled) impedances. Scaled matching may be desirable in cases where it is 
advantageous to scale down the bias generator, for example by employing devices with 
narrower channel widths. Accordingly, it will be appreciated that matching effective 
impedances between the bias generator and VCO typically involves ensuring that the 
current densities within the relevant portions of the components are the same. Despite 
the matching configuration described above, there may be periodic variations in the 
resistance of the individual VCO stages, as will be explained below. In addition, as 
discussed above, the bias generator and charge pump systems of the present invention 

16 



typically are matched. Accordingly, various semiconductor components within the 
charge pumps of the present invention provide effective impedances which are matched 
to the effective impedances within the oscillator stages. 

As best seen in Fig. 4, VCO stages 140 typically are connected together via a 
5 regulated voltage connection (e.g., regulated ground connection V rg ) in order to cancel 
period fluctuations in the resistance of individual VCO stages. This connection is 
employed because the I-V characteristics discussed above with reference to Fig. 8 may 
deviate somewhat from being perfectly symmetrical about the center voltage (V dd + 
V bp )/2. This asymmetry may occur due to physical device mismatch and/or from 

10 variations in transistor dynamics from ideal transistor models. In addition, in some cases 
there will be asymmetry in the rise and fall times of the inputs to each VCO stage 140. 
These non-ideal conditions can produce periodic fluctuations in the resistance of each 
VCO stage. During operation, the voltage controlled oscillator establishes a regulated 
VCO voltage, which is defined between the positive voltage supply (V dd ) and the 

15 regulated voltage node (V rg ). As will be discussed below, the oscillator may be 
configured such that the regulated voltage node is established with a regulated supply 
connection V rs , with the regulated VCO voltage then being defined between the negative 
voltage supply (V ss ) and the regulated voltage node V^. 

The regulated ground connection discussed above is typically implemented by 

20 delivering current to the VCO stages through regulated voltage node V rg . Referring still 
to Fig. 4, each VCO stage 140 is driven by a current source transistor 180 biased by 
biasing signal V bn . The individual current source transistors 180 collectively form the 



current source which drives the voltage controlled oscillator. As indicated, the output 
terminals 1 80a of the current source transistors may be shorted together at regulated 
voltage node 182 (V rg ). VCO stages 140 are thus coupled in parallel between the current 
source and the supply voltage V dd , with current being delivered to the stages through 
5 regulated voltage node 182. This regulated ground connection cancels any low frequency 
periodic variations in the resistance of each VCO stage, and the remaining variations are 
reduced in magnitude and restricted to higher harmonics of the VCO oscillation 
frequency. The total resistance between node 182 and V dd is thus more nearly constant 
than the resistance of any one VCO stage. This nearly constant resistance, in series with a 

10 current supply formed by transistors biased by V bn , keeps the voltage drop V dd - V rg (i.e., 
the regulated VCO voltage) very close to constant. 

If the current sources and transistors connected to node 1 82 were linear, then the 
time average of V rg over each cycle would converge to V rgb in bias generator 24 (Fig. 3). 
These devices are not linear, and these non-linearities result in an offset between the 

15 time-averaged value of V rg and V rgb . This offset is a function of V dd . Reducing the 
amplitude of variation of V rg reduces the effects of these non-linearities and reduces the 
offset between V rg and V rgb . Since the frequency generated by the VCO is a function of 
its supply current, which depends on the voltage drop from V dd to V rg (the regulated VCO 
voltage), cyclic variations of V rg ultimately lead to output jitter induced by supply noise, 

20 as explained below. The regulated connection discussed above minimizes these cyclic 
voltage variations. 
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Noise rejection in VCO 30 depends on a VCO current supply that remains 
undisturbed in the face of changes to V dd (or V ss ). The VCO current supply is controlled 
by bias generator 24, which in turn is controlled by the V cnt i signal generated by charge 
pump system 22. Bias generator 24 is configured to reject supply noise by generating a 
constant bias current I b and an internal VCO supply voltage V dd - V rgb (also referred to as 
the regulated bias generator voltage) which is matched to the VCO supply voltage V dd - 
V rg (i.e., the regulated VCO voltage). 

The feedback loop within the bias generator will adjust V bn so that V rep | ica will 
match V cntl . Diode-connected transistor 82 establishes a current based on its drain-to- 
source voltage bias. As long as the voltage between nodes V dd and V rep | ica remains fixed, 
the current I b will remain fixed as well. V cntl is passively supply-referenced (to V dd ) 
through operation of capacitor 42, such that V cml tracks variations in the supply voltage. 
Alternatively, V cml may be supply-referenced to V ss or referenced to any other suitable 
reference value. V replica in turn is actively supply-referenced through operation of 
amplifier 80 and the other components of the feedback loop within bias generator 24. 
Accordingly, the drain-to-source voltage on transistor 82 is unaffected by supply voltage 
variation, so that biasing current I b is constant. Because bias generator 24 generates a 
bias current I b that is independent of V dd and a regulated bias generator voltage V dd - V rgb 
that matches the regulated VCO voltage V dd - V rg , the current delivered through regulated 
node 182 to VCO stages 140 will be independent of V dd . In other words, the current 
supplied to the VCO depends on the voltage difference between V bn and V ss (Fig. 3). The 
bias generator actively adjusts V bn in response to supply voltage changes to ensure that 
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the biasing current I b (and thus, the VCO current) is independent of supply voltage 
changes. Accordingly, the oscillation frequency of VCO 30 is independent of supply 
voltage variations. As a result, the depicted exemplary embodiments of phase-locked 
loop 10 substantially reject noise coupled into the system from the supply, ground, 
substrate and other sources. 

It will be appreciated that the noise rejection features discussed above typically 
depend on the bandwidth response of bias generator 24. Specifically, the bias generator 
must have enough bandwidth to make V rep | ica track supply variations before they can have 
an impact on the output of VCO 30. An important advantage of the various PLL 
embodiments discussed herein is that the various components are designed to perform 
their respective functions without adversely affecting the bandwidth response of the bias 
generator. The noise rejection achieved by matching the bias generator to the regulated 
VCO supply voltage is implemented without any direct coupling of the bias generator to 
the regulated VCO supply voltage. This avoids adding capacitance to the bias generator 
feedback loop. This approach also makes it possible to precisely control the damping 
factor of the phase-locked loop through control of the gain of the proportional control 
path. 

Additionally, in many settings it will be desirable for the phase-locked loop 
system to quickly achieve lock during a startup interval, or in other cases where a 
relatively large correction in output signal is required. Improved lock times will often 
provide significant speed and efficiency benefits for the overall system. Faster locking 
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can also substantially reduce power consumption, both for the PLL itself and for the 
systems that depend upon or are connected to the PLL. 

An example of a setting in which improved lock rates can be particularly 
beneficial are devices that intermittently revert to a "dormant" or "sleep" mode during 
periods of non-use. Typically, this is done in order to limit power consumption. To 
return to normal run-time operation, the device typically must go through a reset or 
startup routine, which often will involve many of the same tasks that are performed when 
the device is first powered up. Clock acquisition is often one of the first tasks to be 
performed during reset. The faster that the PLL can lock onto the reference clock, the 
faster that the device can return to normal run-time operation, and the less power that will 
be consumed during startup. Startup/reset speed is important even when startup occurs 
infrequently, but becomes an even more important consideration in devices that 
frequently revert to a dormant state. 

One way of quickly transitioning to a locked state is to run the PLL system with an 
elevated bandwidth response, for example through use of substantially higher charge 
pump currents than are employed during normal run-time operation. The higher charge 
pump currents lead to larger, more aggressive corrections in the output signal. One 
concern with this approach is that the relatively high bandwidth response is often the 
opposite of what is desired during normal run-time operation. In particular, during 
normal run-time operation, a relatively lower bandwidth is advantageous, and large 
aggressive corrections in the output signal typically are not required or desired. Rather, 
during normal run-time operation, the PLL system will use relatively small charge pump 
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currents to repeatedly make many small corrections to maintain the system in a locked 
state. In fact, if bandwidth is too high, the PLL system may not adequately filter out 
clock jitter during normal operation. 

Accordingly, in some prior systems, bandwidth is temporarily elevated during 
startup, and is then scaled back for normal operation of the system (e.g., while the PLL is 
close to or in a locked state). A large portion of the transition time (e.g., transitioning 
from a dormant to a locked state) is spent attempting to match the feedback clock 
frequency to the reference frequency. Only after the frequencies are matched is the final 
phase match accomplished. 

In prior systems of which applicant is aware, some degree of inefficiency occurs 
as a result of the timing of the switch from the high to low bandwidth mode of operation. 
For example, in many systems, this timing is determined in advance during design of the 
system, based on conservative predictions about the operating environment and 
conditions that are likely to occur while the system is running. As a result, the prior 
systems often will switch over to low bandwidth operation sooner than necessary, 
resulting in longer lock acquisition times and increased power consumption during 
reset/startup operations. If a non-conservative, more aggressive timing is selected at 
design time, there is a risk of frequency overshoot and/or overcorrection. This is 
unacceptable in many settings. Indeed, many PLL systems cannot ever recover and 
achieve lock once the output signal overshoots and exceeds the reference frequency by 
more than a relatively small amount. 
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Fig. 10 depicts another embodiment of a phase-locked loop system 200 according 
to the present description, which may be configured to provide improved, faster locking, 
particularly when the system is transitioning from a startup state to a run-time state, 
recovering from a dormant mode, or when other relatively large corrections in the output 
signal are needed. As will be explained in more detail below, faster locking may be 
achieved by providing an additional higher-current charge pump. In the present 
examples, the higher-current charge pump may be intermittently activated based on 
sensing of a predetermined condition, which is selected so to be readily detectable while 
the PLL is running. 

System 200 is in many respects similar to the previously described embodiments. 
In particular, system 200 may include an error detector 202 coupled with a charge pump 
system 204, bias generator 206 and a VCO 208 in a feedback configuration so as to 
produce an output signal O with desired characteristics based on a reference signal R. As 
in the earlier-described examples, bias generator 206 may be isolated using buffers, 
current mirrors and the like (e.g., sections 210 and 212). 

As in the previous embodiments, a feedback version F of the output signal O and a 
reference signal R' (e.g., a divided version of reference signal R) are applied as inputs to 
error detector 202. Dividers 214 and 216 may be provided in the feedback and/or 
reference input paths, respectively, for applications requiring multiplication and/or 
division of the reference frequency. Typically, error detector 202 produces an output 
error signal(s) which is dependent upon phase and/or frequency differences between the 
reference and output signals (or upon phase/frequency differences between divided 
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versions of the reference and output signals). The error signal(s) is applied to charge 
pump system 204, which produces currents depending upon the error. The charge pump 
currents ultimately control the voltage which is applied to VCO 208, which in turn causes 
the phase and/or frequency of output signal O to vary and tend toward the desired values. 
5 As in previous embodiments, bias generator 206 may be configured to provide a dynamic 
biasing signal which self-biases the system, free of any predetermined or externally- 
applied bias levels. 

Error detector 202 and/or charge pump system 204 may be provided with 
additional features to facilitate the locking process, particularly during startup or other 

10 situations where relatively large adjustments to the output signal are needed. According 
to one implementation, improved locking may be achieved by advance determination of a 
criteria or condition that, when satisfied, will result in the system making larger 
magnitude, more aggressive corrections to the output signal. While the criteria is 
satisfied, the larger corrections may be achieved, for example, by temporarily operating 

15 (e.g., during satisfaction of the condition) the system in a relatively high-bandwidth 
mode, as discussed above. 

Various criteria may be used to determine when larger or more rapid corrections 
are made to the output signal. Normally, it will be desirable that the criteria be selected 
so as to be readily and easily detectable during operation of the PLL system. One 

20 example of such criteria may be seen with reference to Fig. 11, which depicts exemplary 
waveforms of a feedback signal F and a divided reference signal R' (see also Fig. 10), 
along with various other signals which will be explained. The exemplary illustrated 



criteria may be referred to as "cycle slippage," in which a complete reference cycle (e.g., 
a complete cycle of the R' reference signal) occurs during the current feedback cycle, or a 
complete feedback cycle occurs during the current reference cycle. Cycles may be 
measured with respect to consecutive triggering edges of a waveform. For example, 

5 rising edge Rl and rising edge R2 bound a first cycle of the reference signal R 5 , and 
rising edge R2 and rising edge R3 bound a second cycle of the reference signal R\ 
Similarly, rising edge Fl and rising edge F2 bound a cycle of the feedback signal. 

Referring still to Fig. 11, cycle slippage has occurred at time t2 because two 
triggering edges (e.g., rising edge R2 and rising edge R3) of the reference signal R' have 

10 occurred during the current output cycle, which commenced with triggering edge Fl. In 
other words, the cycle slippage criterion is satisfied at time t2 because an entire reference 
cycle has occurred during the current feedback cycle. As seen in the figure, this criterion 
is satisfied during the entire interval from time t2 to time t3. Detection of the cycle 
slippage may be used to activate a large-scale correction mechanism to adjust the 

15 frequency of the output signal. In the present example, the feedback signal has slipped a 
cycle (and the output signal thus is running at a lower frequency than desired), and must 
"catch up" to the reference signal. 

Cycle slippage may also be understood in relation to the undivided reference 
signal and output signal in applications where the desired output frequency is to be x/y 

20 times the reference frequency. In this case, it is helpful to define output intervals of the 
output signal O and reference intervals of the reference signal R. A given output interval 
may be defined by (x/y + 1) successive triggering edges of the output signal O. A given 



reference interval may be defined by two successive triggering edges of the reference 
signal R. Accordingly, the output signal O may be said to have slipped relative to the 
reference signal R when more than one triggering edge of the reference signal has 
occurred since commencement of the current output interval. The reference signal R may 
5 be said to have slipped relative to the output signal O when more than x/y triggering 
edges of the output signal O have occurred since commencement of the current reference 
interval. 

As will be explained in more detail below, detection of the pre-determined 
criterion or condition (e.g., cycle slippage) may be used to control activation of a 

10 corrective mechanism configured to make appropriate adjustment(s) to the output signal. 
Typically, as will be seen in certain examples below, the adjustment(s) that are made 
typically will be large and performed infrequently, relative to the adjustments made by 
the PLL system during run-time while the system is locked or very nearly locked. 

For example, upon startup or recovery from a dormant mode, the PLL output 

15 typically will initially be much lower in frequency than desired (e.g., at a substantially 
lower frequency than the reference clock). Accordingly, it would be desirable to have a 
rapid, large magnitude increase in the output frequency. In the above cycle slip 
examples, the initial large discrepancy between the actual and desired output frequency 
would produce a cycle slip condition, thereby triggering activation of a correction 

20 mechanism different from that used during normal run-time operation, in that the 
correction mechanism is configured to produce more rapid, larger changes in the output 
signal, to speed up the locking process during startup or reset. 
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Referring again to Fig. 10, error detector 202 may include a phase frequency 
detector (PFD) 240 similar to that previously described, which includes U and D outputs. 
As in the previous embodiments, the state of the U and D outputs typically will depend 
on whether the feedback signal F lags or leads the reference signal R' in phase and/or 

5 frequency. As before, when the system is in lock, both the U and D outputs may be 
pulsed high to reduce or eliminate the "dead band" that can result in undesirable 
instability when the system is locked or nearly in lock. 

Similar to the previous examples, the U and D outputs may be coupled with 
various charge pumps (e.g., integrating charge pumps, proportional charge pumps, etc.) 

10 within charge pump system 204. The U and D outputs may be coupled with a 
proportional charge pump 242, for example, that is coupled with and configured to pump 
charge to bias generator 206 via a proportional control path 244. The U and D PFD 
outputs may also be coupled to an integrating charge pump 246 that is coupled with and 
configured to pump charge to bias generator 206 via an integrating control path 248. 

15 As discussed above, the integrating and proportional charge pumps typically are 

similar in construction and internal operation. Both pumps respond to the U and D error 
signals by pumping charge to bias generator 206, in order to produce adjustments to 
output signal O. Also, both pumps may be biased as previously explained via feedback 
coupling of a biasing signal V bn (or mirrored copy V bn ') from bias generator 206. 

20 The two charge pumps may be distinguished by the different signal pathways to 

bias generator 206, and by the way pumped charge is applied to the bias generator. 
Integrating charge pump 246 pumps its output charge along integrating control path 248 
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to the V cnll node of the bias generator. The pumped charge is integrated by and stored at 
capacitor CI (250). The voltage on this capacitor represents the net accumulated charge 
resulting from all of the previously applied U and D signals to integrating charge pump 
246. 

5 In contrast, proportional charge pump 242 pumps its output charge via 

proportional control path 244 to the V rep iica node of bias generator 206. As discussed with 
respect to previous examples, the output charge typically is in the form of a current pulse 
which is added to or subtracted from a bias current flowing within a replica current path 
in the bias generator. In some cases, there may be various capacitances introduced into 

10 the proportional control path, though these capacitances typically are much smaller than 
capacitor 250. Accordingly, the proportional control provided by charge pump 242 
normally involves small phase adjustments to the output signal, where the integrating 
control provided by integrating charge pump 246 typically involves more gradual accrued 
adjustments to the output signal, due to the accumulated charge on capacitor 250 and the 

15 filtering effects produced by the relatively large capacitance. 

Error detector 202 may also include a section, sub-assembly or group of 
components, such as cycle slip detector 260, that is configured to assess, during operation 
of the PLL system, whether an alternate correction mechanism should be activated to 
achieve a desired correction in the output signal. As in the preceding discussion, 

20 typically this assessment involves determining whether a condition or criterion is 
satisfied which indicates or suggests that a relatively large or rapid correction in the 
output signal is needed. It will normally be desirable that the criterion or condition be 
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fashioned so that it is readily ascertainable during operation of the PLL. Once this 
criterion is detected, the alternate correction mechanism is activated to achieve the 
desired correction (e.g., a rapid increase in frequency to reduce the time necessary to lock 
onto a desired reference value). Typically, the alternate correction mechanism is 

5 activated for the entire interval in which the criterion is satisfied. 

In the depicted example, cycle slip detector 260 may include latches 262 and 264, 
and AND gates 266 and 268, and may be configured to detect cycle slippage occurring 
between the reference signal R' and feedback signal F. Specifically, the upper portion of 
cycle slip detector 260 detects when the feedback signal has slipped a cycle relative to the 

10 reference signal R\ In particular, the output of AND gate 266 goes high (i.e., the Ux 
signal) when more than one triggering edge of the reference signal R' has occurred since 
commencement of the current feedback cycle. 

In contrast, the lower portion of cycle slip detector 260 is configured to detect 
when the reference signal R' has slipped a cycle relative to the feedback signal F. In this 

15 case, the output of AND gate 268 goes high (i.e., the Dx signal is pulsed) when more than 
one triggering edge of the feedback signal has occurred since commencement of the 
current reference cycle. 

As shown in Fig. 10, the outputs of cycle slip detector 260 (i.e., the Ux and Dx 
outputs) may be coupled with a second integrating charge pump 280. Charge pump 280 

20 differs from the other charge pumps in that it is configured to provide much higher 
currents upon activation than the charge pumps coupled to the U and D outputs of PFD 
240 (e.g., charge pumps 242 and 246). Thus, during cycle slippage, charge pump 280 is 



activated to provide a higher-magnitude charge pump current. The Ux output is pulsed to 
provide an elevated current to rapidly increase the frequency of the output signal, while 
the Dx output is pulsed to rapidly decrease the frequency of the output signal 

Specifically, the elevated currents are rapidly integrated into an accumulated 
5 charge upon capacitor 250, thereby causing a rapid change in the voltage applied to VCO 
208. Accordingly, the output signal frequency will rapidly increase or decrease until the 
slip condition is alleviated, at which point charge pump 280 will deactivate, thereby 
returning the PLL system to the lower current, lower bandwidth mode that results from 
normal operation of charge pumps 242 and 246 and that typically is more advantageous 

10 and desirable during normal run-time operation. 

It should be appreciated that, in many applications, the usual startup or recovery 
scenario will be that the output signal is initially at a much lower frequency than desired. 
The exemplary rapid locking system and method described herein may then be employed 
to quickly bring the output signal into a frequency range where charge pumps 242 and 

15 246 can then take over and provide the relatively small run-time phase adjustments 
necessary to maintain lock. Accordingly, it will be appreciated that the Dx signal may 
not be necessary for all applications, and it should be understood that the present systems 
and methods may be simplified to detect only slippage in one direction (e.g., with only a 
Ux signal). 

20 Controlling a higher current charge pump with a cycle slip detector enables rapid 

and efficient adjustments to be made to the output signal, based on dynamic real-time 
sensing of current operating conditions. Cycle slip detection is advantageous in many 
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PLL applications where, in practice, it can be difficult to determine if the PLL is in lock. 
In contrast, it is relatively easy to detect cycle slipping between the reference and 
feedback (output) clocks, and if the PLL is cycle slipping, it is definitely not locked. In 
several of the described exemplary systems and methods, the timing of cycle slips can be 

5 used as a measure of the frequency difference between the reference and feedback 
(output) signals, and this measurement can be used to directly and quickly adjust the 
VCO frequency so that the reference and feedback frequencies can be matched. Once the 
output and reference frequencies roughly match, the PFD and run-time charge pumps 
(e.g., charge pumps 242 and 246) can match the phases. 

10 Referring again to Fig. 1 1, at time t3, a triggering edge such as rising edge F2 is 

seen on the feedback signal. The previous triggering edge on the output signal must have 
occurred between the rising reference edges at times tO and tl, otherwise a reference 
cycle slip would have been detected earlier. The latest possible previous rising feedback 
edge would have been just before time tl. Accordingly, the feedback cycle must be at 

15 least t3-t2 longer than the reference cycle. Thus, the Ux waveform (e.g., one of the 
outputs of cycle slip detector 260) measures an approximation of the difference in cycle 
time between the reference signal R' and the feedback signal F when the feedback cycle 
is longer. The Ux signal never underestimates the difference by more than a reference 
cycle, and never overestimates the difference at all. Similarly, the Dx signal closely 

20 estimates but never overestimates the cycle time difference when the reference cycle is 
longer. 
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To accelerate locking in the described systems and methods, the cycle time 
difference estimated by the Ux and Dx signals may be correlated to a change in the VCO 
control voltage (e.g., the voltage applied to VCO 208). The VCOs employed in the 
present systems and methods typically are approximately linear in operation. 
Accordingly, to correct for all of the detected frequency difference, the desired change in 
Vcmi would be as follows: 

AVcntl = ^y(Vctl-Vt), 

where AT is the measured cycle time difference and T is the VCO cycle time. In 
practice, it may be desirable to make corrections that are some fixed fraction of this delta 
to improve the stability of the frequency convergence and eliminate frequency overshoot: 
AVcntlx = xA Vcntl, where 0 < x < 1. 

To provide this voltage change, a current I chx may be pumped into control 
capacitor 250 (which has a capacitance CI) for the duration of the cycle slip Ux or Dx 
pulse that indicates the approximated cycle time difference: 

. rr Ichx AT 
A Vcntlx = 

Cl 

The current I chx that will produce this voltage change on V cnt | is: 
Ichx = X ^ (Vent! - Vt) . 

For a self-biased PLL as described in the present examples, the reference period 
and VCO buffer transconductance can be defined as: 
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_ N NCb . 
T = = and 

FVCO gm 

gm = k{Vcntl-Vt) = 4Wd, 

where N is the multiplication factor between the reference and the VCO frequency, g m is 
the transconductance inside each VCO buffer, C b is the effective VCO capacitance, such 
5 that Fyco = gm / Q>, and ^ is the vco buffer bias current. So then: 

ichx — X — LX . 

CbNk Ct N 

Regarding this last equation, it should be understood that x, Cj, and Cb are all 
parameters determined at design time, and N is a digital parameter associated with the 
PLL circuit. Accordingly, a ratioed current mirror may be used to generate I chx from the 

10 buffer bias current I d , and the same fraction of frequency error x will always be corrected, 
regardless of frequency, process, or environmental conditions. In certain of the 
exemplary systems and methods described herein, the resulting predictability of 
convergence may provide various advantages, including reducing or eliminating 
instability and overshoot, and providing efficient convergence at the maximum possible 

15 rate. 

The exemplary system described above and shown in Fig. 10 may be configured to 
implement these mathematical relationships. Specifically, as indicated, the Ux and Dx 
signals discussed above may drive an additional integrating charge pump with a current 
I chx that will generally be much larger than I ch . Particularly, in a low-bandwidth PLL, I ch 
20 will be smaller than I d . Typically, there is not a need for an equivalent proportional 
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charge pump because the Ux and Dx signals typically are used only to accelerate 
frequency locking. 

The exemplary embodiment just described may provide significant advantages in 
certain settings. The transition to lower bandwidth operation occurs at an optimal time in 

5 order to quickly move the output signal toward lock while avoiding the overshoot and 
tracking jitter problems that can result from running the system at an overly high 
bandwidth or from making the high-to-low bandwidth transition too late. Also, the 
transition is not made too soon, as in many prior systems, thereby avoiding unnecessary 
delays in achieving lock. The rapid locking mechanism described in the example is 

10 configured to flexibly and dynamically address operating conditions in real time as they 
occur, in contrast to conventional prior systems, which often rely on conservative design 
time approximations. 

It should be appreciated that the corrections activated upon detection of cycle slips 
differ in several ways from the adjustments made while the system is locked or nearly 

15 locked. Typically, as already mentioned, the correction is much larger in magnitude than 
the corrections made while the system is in lock or nearly locked. As previously 
indicated, the CI capacitance in the described examples is typically quite large, and thus 
the Cl/Cb term in the above equation is often sizable, say 1000 or greater. This produces 
charge pump currents from charge pump 280 that are often orders of magnitude greater 

20 than the currents produced by charge pumps 242 and 246. As a result, the currents 
generated by pump 280 rapidly produce relatively large adjustments in the frequency of 
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output signal O, while the currents from the other pumps produce relatively small phase 
corrections in the output signal. 

In addition, charge pump 280 typically activates much less frequently than pumps 
242 and 246, which are more or less constantly pump quantities of charge during 

5 operation of the PLL to make the small phase adjustments necessary to maintain lock. In 
contrast, in typical applications, charge pump 280 commonly will produce between one 
and five large bursts of current during startup or recovery from a dormant condition, and 
then will not operate again until the next time that the system is powered up or recovering 
from dormancy. Indeed, those skilled in the art will appreciate that phase-locked loop 

10 systems are commonly designed to operate within a design specification that calls for 
phase deviations to not exceed a certain threshold during normal operation. For example, 
a typical specification might require that the PLL not exceed 5% phase deviation during 
normal run-time operation (e.g., when the PLL is locked or nearly locked). With this 
common specification (e.g., less than 5% phase deviation during normal run-time 

15 operation), the higher-current charge pumps of the exemplary embodiments described 
herein would never turn on during normal run-time, and would only be activated to 
facilitate rapid locking during startup or recovery modes. 

It should also be understood that the present description encompasses a phase- 
locked loop method and/or a method for effecting rapid corrections in an output signal of 

20 a phase-locked loop, and that such methods may be employed in connection with, or 
independently of, the specific system implementations described herein. The method(s) 
may generally include causing an output signal to tend toward or acquire a desired 



characteristic, such as a particular frequency and/or phase, where the desired 
characteristic is based on a reference signal applied to the PLL. In addition, the method 
may include detecting whether cycle slippage has occurred between two signals, or 
whether some other condition exists that is readily ascertained during operation of the 
5 PLL. Typically, when cycle slippage is tested for or sensed, the slippage criterion is 
determined in relation to periodic signals that are applied as inputs to a phase frequency 
detector of the PLL. When slippage is found (or when the other condition is determined 
to exist), an alternate correction mechanism is activated to produce a change in the output 
signal. In typical implementations, the alternate correction is a more rapid change in the 
10 output signal than would otherwise be employed, for example a rapid increase in the 
frequency to speed the locking process during startup of the PLL. As discussed above, 
the alternate correction may be implemented as a temporary activation of a large- 
magnitude current, where such activation only occurs when cycle slippage is detected. 

While the present invention has been particularly shown and described with 
15 reference to the foregoing preferred embodiments, those skilled in the art will understand 
that many variations may be made therein without departing from the spirit and scope of 
the invention as defined in the following claims. The description of the invention should 
be understood to include all novel and non-obvious combinations of elements described 
herein, and claims may be presented in this or a later application to any novel and non- 
20 obvious combination of these elements. Where the claims recite "a" or "a first" element 
or the equivalent thereof, such claims should be understood to include incorporation of 
one or more such elements, neither requiring nor excluding two or more such elements. 

36 



